Background: This phase I dose-escalation study investigated the maximum tolerated dose (MTD), safety, pharmacokinetics, pharmacodynamics (PDs), and preliminary antitumor activity of BGT226, a potent, oral dual phosphatidylinositol-3-kinase (PI3K)/mammalian target of rapamycin inhibitor. Results: Three patients (125 mg cohort) had dose-limiting toxic effects (grade 3 nausea/vomiting, diarrhea). BGT226-related adverse events included nausea (68%), diarrhea (61%), vomiting (49%), and fatigue (19%). BGT226 demonstrated rapid absorption, variable systemic exposure, and a median half-life of 6-9 h. Seventeen patients (30%) had stable disease (SD) as best response. Nine patients had SD for ≥16 weeks. Thirty patients (53%) achieved stable metabolic disease as assessed by [18F]-fluorodeoxyglucose-positron emission tomography; however, no correlation between metabolic response and tumor shrinkage according to computed tomography was observed. PD changes suggested PI3K pathway inhibition but were inconsistent.
pan-class I PI3K and mammalian target of rapamycin (mTOR) catalytic inhibitor. BGT226 is among the first in a novel class of agents targeting the PI3K pathway. BGT226 specifically inhibits p110α, β, δ, and γ, with a preference for the α-isoform (wild type and mutated), and mTOR (Novartis, data on file), with no significant inhibitory activity against other tested kinases (see supplemental Appendix, available at Annals of Oncology online). The IC 50 of BGT226 for the individual isoforms of the class I PI3Ks is (±standard deviation) PI3Kα 4 nM (±1), PI3Kβ 63 nM (±10), and PI3Kγ 38 nM (±23) as determined by filter-binding assay (Novartis, data on file). In preclinical studies, BGT226 inhibited cancer cell proliferation with IC 50 values in the low nanomolar range and inhibited solid tumor growth in various mouse xenograft models, including glioblastoma multiforme, breast, and prostate cancer (Novartis, data on file). In vivo pharmacokinetic (PK)/ pharmacodynamic (PD) analyses showed a good correlation between BGT226 dose, blood, and tissue levels, effect on the PI3K pathway (determined by Akt phosphorylation), and antitumor activity (Novartis, data on file).
Here, we report the results of a phase I, first-in-human doseescalation study of BGT226 to determine the maximum tolerated dose (MTD) when administered orally (PO) to adults with advanced solid tumors. Safety, tolerability, PK/PD properties, and preliminary clinical activity of BGT226 were also evaluated.
patients and methods
See supplemental Appendix (available at Annals of Oncology online) for additional details.
study design
The primary objective of this multicentre, open-label phase I doseescalation study was to determine the MTD of oral single-agent BGT226 administered to adult patients with solid tumors. Secondary objectives included evaluation of safety and tolerability, measurement of PK end points, assessment of antitumor activity, and PD effects.
Main inclusion criteria were histologically confirmed advanced solid tumors unresponsive to standard therapy, age ≥18 years, life expectancy ≥12 weeks, World Health Organization performance status two or less, and adequate bone marrow, hepatic, and renal function. Key exclusion criteria included prior treatment with PI3K inhibitors, diabetes mellitus, brain metastases, gastrointestinal disease that could affect BGT226 absorption, progressive eye disease, thyroid disease requiring treatment, acute or chronic liver or renal disease, or pancreatitis.
The study was conducted in accordance with the International Conference on Harmonisation Good Clinical Practice Guidelines and the Declaration of Helsinki, with approval by ethics committees and health authorities of participating institutions. All patients provided written informed consent.
treatment and dose-escalation criteria
Patients were instructed to take BGT226 (hard gelatin capsules) as a single oral daily dose, three times weekly (TIW) (every other day), 2 h after a light breakfast, and to continue fasting for two more hours. Treatment was continued on 28-day treatment cycles until unacceptable toxicity, disease progression, or consent withdrawal.
The starting dose of 2.5 mg PO on a 'q48h' schedule is based on in vivo experiments in rat and dog, which showed a long-lasting effect of BGT226 and a similar efficacy to a q24h schedule (see supplemental Appendix, available at Annals of Oncology online, for additional details). Dose escalation was guided by an adaptive Bayesian logistic regression model with overdose control and proceeded by enrolling cohorts of three or more patients [13, 14] . The dose-limiting toxicity (DLT) rate was evaluated after the first treatment cycle. The dose of the subsequent cohort was chosen to fulfill the overdose criterion of a < 25% chance of the DLT rate exceeding 33%. Dose escalation was further based on review of clinical safety, PK, and laboratory data. DLT was defined as a suspected drug-related toxicity according to National Cancer Institute-Common Terminology Criteria for Adverse Events (NCI-CTCAE) V3.0, unless otherwise specified, occurring < 28 days following the first BGT226 dose. The MTD was defined as the highest dose resulting in DLTs in ≤ 33% of patients in cycle 1.
safety and response assessments
Safety assessments were conducted at baseline and weekly during the first eight treatment weeks and every 2 weeks thereafter. Adverse events (AEs) were graded using NCI-CTCAE, unless otherwise specified (supplemental Table S1 , available at Annals of Oncology online). All patients had medical history, physical examination, vital signs, hematology and chemistry profile, cardiac enzymes, and electrocardiogram (ECG) assessments. Fasting serum insulin, serum C-peptide, and fasting plasma glucose (FPG) were analyzed weekly during cycle 1 and on days 15 and 28 in subsequent cycles. Hemoglobin A1c and fructosamine were measured at baseline and day 1 of subsequent cycles, starting with cycle 2. Urine glucose was monitored daily in cycle 1.
Response was assessed according to the RECIST V1.0 [15] every 8 weeks by investigator and central review.
The metabolic antitumor activity of BGT226 was assessed by [18F]-fluorodeoxyglucose (FDG)-positron emission tomography (PET), evaluating change from baseline in the sum of maximum standardized uptake values (sSUV max ) in sequential PET scans carried out at baseline and day 28 of cycle 1.
PK analysis
Plasma BGT226 levels were measured on days 1 and 8 of cycle 1, day 1 of cycle 2, predose, and at indicated time points post dose using a validated liquid chromatography-tandem mass spectrometry assay with a lower quantification limit of 10 pg/ml. PK parameters were calculated by noncompartmental analysis using WinNonlin® (Pharsight, Mountain View, CA).
PD assessments
Immunohistochemical analysis of phosphorylated Akt (serine 473; pAkt), phosphorylated ribosomal protein S6 (serine 240/244; pS6), and Ki-67 were carried out in available pre-and posttreatment skin biopsies and optional paired fresh pre-and posttreatment tumor biopsies. Blood samples were analyzed for levels of circulating angiogenic markers and markers of cell death. (Table 1) . Breast (23%), prostate (14%), and colon cancers (12%) were the most common malignancies. All patients were evaluated for safety, response, and PK.
dose escalation and safety findings
Patients were enrolled into sequential cohorts at BGT226 dose levels of 2.5, 5, 10, 20, 40, 80, and 125 mg. In the 125-mg cohort, 3 of 11 patients had DLTs, all gastrointestinal in nature: grade 3 diarrhea, grade 3 vomiting, and grade 3 diarrhea and vomiting (Table 2 ). Based on the DLT incidence, the MTD of BGT226 was defined at 125 mg/day, TIW. As a result of the gastrointestinal AEs associated with the 125 mg dose, a deescalated 100 mg dose level was explored, which resulted in improved tolerance. BGT226 100 mg/day, TIW, was therefore declared the clinically recommended dose.
Overall, patients were exposed to BGT226 for a median of 7.6 weeks ( Table 3 ). As of 10 February 2010, all patients had discontinued treatment. Four patients (7%) discontinued due to AEs; two of these were considered treatment related (diarrhea with vomiting, one patient and diarrhea with nausea/ vomiting, one patient, both in the 125-mg cohort), and two were assessed as nontreatment related (sepsis of urological origin, one patient, 125-mg cohort and pathological fracture, one patient, 80-mg cohort). Twelve patients (21%) required dose adjustment or interruption due to AEs.
Gastrointestinal disorders were the most frequently reported AEs regardless of study drug relationship and included nausea, diarrhea, vomiting, decreased appetite, and abdominal pain (Table 4) . Other common AEs included fatigue (33%) and anemia (25%). Other hematological abnormalities were less common (lymphopenia, 10.5%; thrombocytopenia, 3.5%; and neutropenia, 1.8%).
Fifty patients (88%) experienced suspected treatment-related AEs. The most common were nausea (68%), diarrhea (61%), vomiting (49%), fatigue (19%), and anorexia (16%) ( Table 4) . Eleven patients (19%) experienced grade 3/4 drug-related AEs, of which diarrhea was the most common (12%). The other frequent, suspected drug-related AEs were generally mild to moderate in severity. The incidence of drug-related vomiting, nausea, and diarrhea was dose dependent and generally limited to dosing days. Only after the first onset of vomiting, nausea, and/or diarrhea, patients were pretreated and/or treated with antiemetics and/or antidiarrheals, respectively, according to the site's standards. Medications used included, among others, loperamide and lomotil for diarrhea and aprepitant, metoclopramide, palonosetron, lorazepam, and prochlorperazine for vomiting and nausea. Despite pretreatment and/or treatment of these events, the 125 mg dose was not well tolerated. Generally, the 100 mg dose was well tolerated due to these measures.
The only hematological toxicity potentially related to BGT226 was anemia (11%). Grade 3 anemia regardless of relationship was observed in four patients (two in the 2.5-mg cohort, one each in the 10-mg and 100-mg cohorts). For these patients, grade 1 or 2 anemia was already noted at screening and/or baseline, and hemoglobin was low throughout the study. Most changes in biochemical parameters were mild in severity (grade 1). The most frequent grade 2 or higher biochemical abnormalities were aspartate aminotransferase (grade 2, N = 9; grade 3, N = 3) and alkaline phosphatase (grade 2, N = 4; grade 3, N = 4) elevations. Two patients had newly occurring or grade 4 hyperuricemia. No other grade 4 abnormalities of biochemistry parameters were noted. Two patients had grade 1 new or worsened FPG (10-mg and 100-mg cohorts). No grade > 1 FPG abnormality was observed in any patient.
No clinically significant abnormalities were observed by cardiac imaging or ECG after treatment initiation.
Serious AEs (SAEs) were experienced by 10 patients (17.5%) (supplemental Table S2 , available at Annals of Oncology online). One patient (125-mg cohort) experienced SAEs considered by investigators to be treatment related (diarrhea, nausea, and vomiting). There were no deaths on BGT226 treatment. Four patients died within 28 days after the last BGT226 dose. All deaths were attributed to disease progression.
pharmacokinetics BGT226 was rapidly absorbed after single-dose oral administration, with median peak plasma concentrations (C max ) observed between 1.0 and 4.6 h post dose (T max ) ( Table 5 ). Interpatient variability in C max and area under the plasma concentration time curve (AUC 0 − 48 ) was relatively 
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high and ranged (CV%) from 50% to 100% and from 30% to 200%, respectively, for most cohorts. Systemic exposure to BGT226 increased with increasing dose (Figure 1 ). It was, however, generally lower than expected based on preclinical data, and this finding was also supported by lower than expected C max values, particularly at the 100 mg/day dose ( Table 5 ). The median terminal elimination half-life ranged from 6 to 9 h after the first dose. No significant drug accumulation in plasma was reported following repeat administration. original articles
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Stable disease (SD), defined as at least one SD assessment after start of treatment, was the best overall response achieved with BGT226 treatment. Response outcome as per investigator review is available for 51 patients; for 6 patients, there was either no documentation of progression or one or more target lesions were not assessed or were assessed using a different method than baseline. Seventeen of 57 patients (30%) achieved SD as best response. Tumor shrinkage, not qualifying for partial response, was observed in three of 57 patients (two with SD, one unknown best response). Nine patients (16%) had a progression-free period of four or more cycles. Thirty-four patients (60%) had progressive disease. Thirty patients (53%) achieved stable metabolic disease (SMD) as best metabolic response by central review of FDG-PET imaging. Metabolic progressive disease was reported in 10 patients (18%), and in the remaining patients, the percentage change from baseline in sSUV max could not be assessed. Baseline and cycle 1 day 28 FDG-PET assessments were available for 38 patients (Figure 2 ). There was no apparent correlation between metabolic response by FDG-PET and standard radiological outcome measures determined by computed tomography (CT).
PD analysis
Paired skin biopsies were available for 49 patients; 22 patients demonstrated > 25% decrease in pS6 levels at cycle 1, day 8 and day 28 compared with baseline ( Figure 3A) . However, consistent reduction in pS6 was present in relatively few cases, mostly in the 125-mg cohort, in which four of eight patients achieved reductions in pS6 (range 9% − 64% decrease) at both posttreatment time points; reduction was more pronounced (range 37% − 64% decrease) after prolonged exposure to BGT226.
A limited number of paired tumor biopsies were available (2. Approximately half of the patients showed an increase in circulating cleaved and intact CK18, as measured by M30 (indicating epithelial cell apoptosis) and M65 (any type of cell death). Increases in total CK18 levels (M65) occurred mostly at BGT226 doses of 80 to 125 mg (data not shown). Changes in the circulating angiogenesis markers VEGF, sVEGFR1/2, PIGF, and bFGF, although evident in some patients, did not correlate with BGT226 dose levels (data not shown).
discussion
In this first-in-human study, the MTD of the oral PI3K/mTOR inhibitor BGT226 in patients with advanced solid tumors was 125 mg/day, TIW; the recommended dose was defined as 100 mg administered once a day, TIW.
The majority of patients (88%) experienced AEs potentially related to BGT226, with gastrointestinal effects and fatigue being the most frequent, consistent with preclinical observations. No grade >1 abnormalities in FPG were observed, in contrast to the inhibition of glucose metabolism and hyperglycemia associated with PI3K inhibition in BGT226 preclinical studies.
The best overall response achieved with BGT226 was SD in 17 (30%) of patients. Tumor shrinkage not qualifying for partial response was observed in 3 of 57 patients (two with SD, one unknown). Nine patients (16%) remained progression free for ≥16 weeks. Thirty patients (53%) had SMD on FDG-PET evaluations; however, there was no apparent correlation between metabolic response and tumor shrinkage according to CT. It should be noted that the role of PI3K signaling in glucose uptake and metabolism [1] may confound interpretation of FDG-PET findings following treatment with BGT226, as detectable changes may reflect PI3K pathway downregulation more than antitumor activity. Changes in FDG-PET imaging with this class of agent may therefore have a PD component before indicating an antitumor effect [2] ; however, further study is required.
The PK profile of BGT226 was characterized by rapid absorption. The onset of vomiting on dosing days appeared to be correlated with T max /C max . Systemic exposure to BGT226 generally increased with increasing dose, and there was no significant accumulation of BGT226 following repeat dosing. In general, plasma levels of BGT226 were found to be 25-to 100-fold lower than expected based on preclinical data, which may have resulted in PK variability, suboptimal drug levels, and limited PD and antitumor activity.
PD analyses suggested evidence of PI3K pathway inhibition following BGT226 treatment in selected patients. Overall, however, the PD effects of BGT226 were inconsistent. At BGT226 doses >80 mg, PI3K pathway inhibition was more evident in skin biopsies from a few patients, as determined by a reduction in pS6 (Ser240/244) by 37% − 64%. Available data suggest that BGT226 may also inhibit the PI3K pathway ( pAkt and pS6) in tumors; however, reductions of pS6/pAkt in tumors were not seen in all samples, and there were no available biopsies at doses ≥80 mg, making further interpretation difficult. These findings suggest that there was insufficient inhibition of the PI3K pathway in tumors by BGT226 to translate into significant antitumor effects with the explored dosing schedule. Consistently, no objective responses were observed with BGT226. Modeling based on PK data from this study and subsequent preclinical PK/PD analysis predicted original articles Annals of Oncology that BGT226 doses >4000 mg/day would be required to achieve efficacious plasma exposure, greatly exceeding the human safety dose range. The four class I PI3K isoforms have overlapping nonredundant roles in cellular signal transduction [16] ; however, preclinical data suggest context-specific functions. p110α is frequently mutated or amplified in human cancers, whereas overexpression of wild-type p110 β, δ, and γ isoforms can induce neoplastic transformation in cultured cells [3] . The PI3K inhibitors in clinical development achieve differing potencies against these isoforms, leading to speculation that the inhibitory profile of any given compound may have a significant impact on tolerability and activity. Preliminary clinical evidence suggests that this may be the case. Recent phase I study results of the novel dual PI3K/mTOR inhibitor BEZ235 in patients with advanced solid tumors showed that BEZ235 was well tolerated with a favorable safety profile and manageable gastrointestinal side-effects [17] . Notably, in the BEZ235 study, there were two partial responses in a patient with breast cancer and in a patient with lung cancer and Cowden syndrome [2] . In addition, recent results from a phase I study of the selective pan-class I PI3K inhibitor BKM120 also demonstrated a favorable safety and activity profile, including a partial response in a patient with breast cancer [18] .
Preclinical data strongly support the use of PI3K inhibitors in tumors with PI3K pathway genetic alterations [9, 10, 19, 20] . Originally, it was intended in this study to investigate the relation between tumor mutational status and tumor response. However, as no objective responses were observed with BGT226, this comparison is obsolete and no conclusion to guide patient selection based on molecular tumor status can be drawn from this study. This may be due to insufficient exposure, although the role of cellular signaling cross talk/ feedback (i.e. via the Ras pathway) cannot be excluded. It should be noted that patients both with and without identified tumor PI3K pathway alterations have demonstrated responses to other PI3K pathway inhibitors, including BEZ235 and BKM120 [17, 18] .
BGT226 is one of the first compounds to be evaluated in the emerging PI3K inhibitor clinical development program. Although a small number of patients in our study derived some clinical benefit from BGT226, overall, the data suggest that it is not feasible to consistently achieve clinically significant antitumor effects with BGT226 at safely administered doses. Despite these findings, these data are valuable for ongoing and future studies of other PI3K-targeted inhibitors. 
